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The unlimited propagation of adult mammalian, nonkeratinocyte epithelial cells offers exciting opportunities for gene and cell-based therapies, as well as regenerative and personalized medicine. However, it has not been possible to passage and rapidly expand cells derived from adult glandular tissues that retain lineage commitment and normal growth and differentiation potential. This has been particularly problematic, for example, with cells derived from the prostate, lung, and liver (either normal or neoplastic) and has severely limited their in vitro characterization. 1, 2 The propagation of adult epithelial cells requires specialized medium and is limited by the early onset of senescence. Although it is possible to bypass this senescence block using viral oncogenes, such as SV40 large T antigen 3 or the E6/E7 proteins of the oncogenic human papillomaviruses, 4 -8 the resultant cell lines have aberrant p53 and Rb regulatory pathways. It is also possible to immortalize primary human adult cells with exogenous human Telomerase reverse transcriptase (hTERT) and additional cellular genes, such as cdk4, 9 but as we show in this study, breast cells immortalized with hTERT alone have disrupted differentiation, as assayed by mammosphere formation in Matrigel. In addition, some somatic cells can be reprogrammed and expanded into induced pluripotent stem (iPS) cells. 10 -15 Although iPS techniques extend cell life span, this method is relatively inefficient and uses the transduction of exogenous genes that can induce alterations in the cellular genome 16 -18 and antigenicity. 19, 20 Also, precise control of the fate of iPS cells is still undergoing experimental refinement. To date, it has not been possible to continuously propagate adult epithelial cells in culture without permanently compromising their normal phenotype.
Recently, we established a method to indefinitely extend the life span of primary human keratinocytes using both fibroblast feeder cells and a Rho-associated kinase (ROCK) inhibitor, Y-27632. 21 However, the culture of nonkeratinocytes has proved to be difficult over the years, and feeder cells are not generally used to culture these cells. There are synthetic media (without feeders) that can generate limited populations of some nonkeratinocyte cells, but none that can induce unrestricted proliferation. Indeed, some human epithelial cells, such as prostate, lung, and liver, have extremely short in vitro life spans and can only be passaged for a few times before they cease proliferation. 1, 2, 9, [22] [23] [24] [25] This limited proliferation is also characteristic of primary human cancers, such as those derived from the prostate. 2 Interestingly, the principal prostate cancer cells available for research have been derived from aggressive metastatic tumors. Later, we describe a widely applicable tissue culture method that rapidly and conditionally reprograms normal and tumor epithelial cells to a highly proliferative state during which they maintain their original karyotypes. As shown previously with keratinocytes, removal of these conditions restores the capacity for cell differentiation. We speculate on a potential mechanism that is operative in the generation of these conditionally reprogrammed cells (CRCs).
Materials and Methods

Harvesting of Tissues
Normal or tumor human mammary/prostate specimens were collected with the informed consent of the patients, according to Georgetown University Institutional Review Board (Washington, DC) protocols. Mammary tissues were minced and digested with a mixture of dispase and collagenase 1A (StemCell Technologies Inc, Vancouver, BC, Canada), and fat was removed with a cell strainer (70 m; BD Biosciences, Bedford, MA). Prostate tissues were chopped into 1-mm fragments and digested with trypsin. In addition to cells derived from tissue, we also obtained primary normal epithelial cells (human mammary epithelial cell, herein called mammary, and human prostate epithelial cell, herein called prostate) from Lonza (Walkersville, MD) and tracheal/bronchial lung cells from Lifeline (Lifeline Cell Technology, Walkersville, MD).
Hepatocytes were harvested using a two-step collagenase perfusion technique. Briefly, liver tissues were first perfused with calcium and magnesium-free Hanks' buffer at 80 to 100 mL/minute for 10 to 15 minutes; the second perfusion was performed with 0.5 g/L collagenase solution at 50 to 70 mL/minute for 10 minutes. The two perfusion steps were performed at 37°C to 38°C. After perfusion, the liver capsule was incised. The thick fibrous connective tissue was discarded, and cell suspensions were harvested. The cell suspensions were further digested at 37°C for 10 to 15 minutes. RPMI 1640 medium was used for cessation of digestion, and the released cells were filtered through three-layer sterilized gauze and washed by three centrifugations (50 ϫ g).
Cryopreservation of Human Tissue
Fresh human breast tissue from a patient who underwent reduction mammoplasty was minced into small pieces or thin slices with a maximal size of 1 to 3 mm. The tissue pieces were then frozen in cryopreservation medium [90% fetal calf serum (Invitrogen, Gaithersburg, MD)/10% dimethyl sulfoxide (v/v; Sigma-Aldrich, St. Louis, MO) 5 mol/L Y-27632 (Enzo Life Sciences, Lausen, Switzerland)] at Ϫ80°C or in liquid nitrogen. At later times, the frozen tissue was thawed at 37°C, pelleted, and suspended in F medium for a brief digestion with dispasecollagenase (StemCell). The cell suspensions were subjected to the culture system, as described later.
Cell Culture
Two different culture conditions were used to propagate both commercially available and harvested epithelial cells in standard tissue culture flasks. 1 The primary method of epithelial cell propagation used a fibroblast feeder cell system. 26 Epithelial cells were cocultivated with irradiated (3000 rad) Swiss 3T3 fibroblasts (J2 strain) in F medium [3:1 (v/v) F-12 Nutrient Mixture (Ham)-Dulbecco's modified Eagle's medium (Invitrogen), 5% fetal bovine serum, 0.4 g/mL hydrocortisone (Sigma-Aldrich), 5 g/mL insulin (Sigma-Aldrich), 8.4 ng/mL cholera toxin (Sigma-Aldrich), 10 ng/mL epidermal growth factor (Invitrogen), and 24 g/mL adenine (Sigma-Aldrich)] with addition of 5 to 10 mol/L Y-27632 (Enzo Life Sciences). All cells were maintained at 37°C in a humidified incubator, with 5% CO 2 , and passaged at a 1:4 (cells without feeder fibroblasts) or a 1:8 to 1:32 (cells with feeder fibroblasts) split ratio when 80% to 90% confluent. The growth curves were plotted as population doublings versus time (days). 21 Mammary, prostate, and lung cells were also grown in defined media [mammary epithelial growth medium and prostate epithelial growth medium (PrEGM) from Lonza and keratincytes growth medium from Invitrogen] without serum.
Separation of Feeder and Epithelial Cells
Differential trypsinization was used to separate feeder and epithelial cells during passaging. Briefly, feeder/epithelial co-cultures were rinsed with PBS and incubated with 0.05% trypsin solution at room temperature for 30 seconds to 1 minute, with close monitoring by phase microscopy. When the feeder cells rounded up and began to detach from the substrate, the cultures were gently tapped and the detached cells were removed by aspiration. The epithelial colonies remained tightly adherent. The epithelial cells were rinsed again with PBS and then retrypsinized at 37°C for 3 to 5 minutes. After gentle pipetting to disperse the epithelial cells into a single-cell suspension, the cells were pelleted through PBS containing 10% serum (to neutralize trypsin). After centrifugation at 500 ϫ g, the cell pellets were resuspended in F medium for passaging or in cryopreservative medium (see previous description) for freezing.
Transduction of Mammary Epithelial Cells with Myc and hTERT
Human primary mammary epithelial cells were transduced with the Myc T58A or hTERT genes, and cell lines were established by continued passaging, as described in a previous publication. 22 
Three-Dimensional Culture
Single-cell suspensions of epithelial cells were dispersed into serum-free keratinocyte growth medium (Invitrogen) containing 2% Matrigel (BD Biosciences). Morphogenesis assays (and the harvesting of acini, immunostaining, and confocal microscopy) were performed as previously described.
27,28
Real-Time RT-PCR
Total RNA was extracted using an RNeasy kit (Qiagen, Valencia, CA). Total RNA, 1 g, was reverse transcribed in 20 L of reaction mixture using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCRs containing 100 ng of total cDNA were performed using TaqMan Gene Expression Assays (Applied Biosystems) on the Applied Biosystems 7900HT Fast Real-Time PCR System using fast mode. The assay identification numbers of the validated genes were as follows: androgen receptor, Hs00171172_m1; NK3 homeobox 1, Hs00171834_m1; and prostate stem cell antigen, Hs04177224_g1. Amplification of human ␤-actin mRNA (4310881E) was used as an endogenous control to standardize the amount of sample added to the reaction. To obtain relative values, the following arithmetic formula was used: 2
⌬CT
, where ⌬C T ϭ difference between the threshold cycles of the target and an endogenous reference (␤-actin mRNA). The real-time PCR conditions were as follows: 1 cycle at 90°C for 20 minutes, then 40 cycles at 95°C for 1 second, and 60°C for 20 seconds. Assays consisted of three technical replicates. hTERT mRNA was measured using the methods and primers that have been previously published.
29,30
Immunofluorescence Staining Cells were grown on sterile glass coverslips and fixed in 4% (w/v) paraformaldehyde, permeabilized with 0.1% saponin in PBS containing 0.2% gelatin, and labeled with the primary (mouse anti-p63; Santa Cruz Biotechnologies, Santa Cruz, CA, sc-863) and secondary (Alexa Fluor 488 donkey anti-mouse IgG; Invitrogen) antibody, according to the manufacturer's protocol. DNA in the cells was stained for 3 minutes at room temperature with 0.5 g/mL Hoescht (number 33342) in PBS and washed three times with PBS. Coverslips were mounted on glass slides using ProLong anti-fade mounting medium (Invitrogen) for 1 hour at room temperature and were stored at 4°C. A Zeiss Axioskop microscope (Carl Zeiss, Inc., Thornwood, NY), equipped with a ϫ63 objective lens and a Hammamutsu charge-coupled device camera, was used to image the cells. Images were processed using Openlab software version 3.0.7 (Improvision, Coventry, UK).
Conventional Cytogenetic Analysis
Prostate cells at passage 33 were cultured, and chromosomes were prepared and G-banded using standard protocols. 31 Chromosomes were identified and classified according to standard cytogenetic nomenclature. 32 
STR Analysis
Short tandem repeat (STR) analysis (ie, DNA fingerprinting) was performed using a commercially available kit (Cell ID System; Promega Corporation, Madison, WI). This system allows the co-amplification and three-color detection of 10 loci (nine STR loci and the Y-chromosome-specific Amelogenin). This approach provides a powerful level of discrimination of approximately 2.92 ϫ 10 9 .
The following STR markers were tested in addition to the Amilogenin locus: CSF1PO, TPOX, TH01, vWA, D21S11, D16S539, D7S820, D13S317, and D5S818. The PCR amplification was performed according to the manufacturer's recommended protocol and as previously described. 33 Detection of the amplified fragments was achieved with the ABI 3100 genetic analyzer (Applied Biosystems). Data analysis and allele size determination were performed using GeneMapper Software (Applied Biosystems).
Xenograft Assays
Exponentially growing normal or tumor prostate cells (1 ϫ 10 6 ) were trypsinized, dispersed into single cells, and suspended in 200 L of Matrigel HC (BD Biosciences). The Matrigel-suspended cells were injected s.c. into the left and right flanks of 6-week-old male imprinting control region mice with severe combined immunodeficiency (Taconic, Germantown, NY). The growth of xenografts was measured weekly with calipers. Animals were housed at the Georgetown University animal care facility, according to institutional guidelines.
Study Approval
Samples of normal or tumor tissue were collected with the informed consent of the patients, according to Georgetown University Institutional Review Board protocols. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committees of Georgetown University Medical Center. Figure 1A describes the technique for establishing CRCs from normal and neoplastic human epithelium. An Institutional Review Board-approved protocol was used to obtain biopsy specimens or samples of fresh surgical specimens in the Department of Pathology, Georgetown University Hospital. The samples were dispersed into single cells by digestion with collagenase/trypsin (see Materials and Methods), and the cells were plated in medium containing irradiated Swiss 3T3 J2 cells 26 and 5 to 10 mol/L Y-27632. Epithelial colonies were readily observed at 2 days and rapidly proliferated to reach confluence in approximately 5 days. Examples of human A: Prostate, breast, tracheal, and liver (hepatocellular carcinoma) tissues were harvested and digested with trypsin-collagenase, as described in Materials and Methods. Cells isolated from the tissues were plated on a feeder layer of irradiated (3000 rad) Swiss 3T3 cells (J2 subclone) and grown in F medium containing 10 mol/L ROCK inhibitor (Y-27632). Small colonies could be observed after 1 day. At day 5 (shown), there were large islands of epithelial (epi) cells that compressed the surrounding feeder cells (white arrows). B: The prostate and breast epithelial cells were passaged repetitively using trypsinization techniques described for keratinocytes. 21 The cell number was recorded at each passage, and a plot of population doublings versus time (days) was constructed. The cells were grown under four different conditions: with both feeder cells and Y-27632 in F medium, with feeders only in F medium, with Y-27632 in mammary epithelial growth medium or PrEGM or mammary epithelial growth medium or PrEGM alone. Only cells grown in F medium containing feeders and Y-27632 continued to proliferate with a constant growth rate. 
Results
The tissues for which biopsy specimens were obtained for culture are indicated for each of the mammalian species. The number of cases (patient or animal) is indicated, as is the total number of samples taken from those cases. The cell lines that were generated from these samples are also indicated, and the success rate was determined by dividing the number of generated cell lines by the total number of samples placed into tissue culture. The success rate is defined as the ability of the cultured cells to reach 50 population doublings or, in some cases (colon and pancreas), as three times the population doublings observed with current, optimal culture conditions. B, BRCA1/2 mutation carrier; H&N, head and neck cancer; met, metastatic; NA, not applicable; T, tumor.
prostate, breast, lung, and liver cell (hepatocellular carcinoma) colonies are shown. Mouse and rat CRC cultures have also been established successfully from primary breast, prostate, and liver tissue using an identical protocol (see Supplemental Figures S1 and S2 at http:// ajp.amjpathol.org). 34, 35 The average success rate of establishing CRCs is approximately 88% from a variety of animal tissues, although some tissues exhibit 100% success rates (Table 1) .
After the first plating, the breast CRCs in Figure 1A were passaged every 3 days at 1:4 to 1:8 dilutions and the prostate cells were passaged at 1:16 to 1:32 dilutions, verifying the robust growth of these epithelial cultures. When plated at single-cell densities, colony-forming efficiency varied from 40% to 70%. However, when cells were passaged at a normal density (eg, 1:16 splits), there was no morphological evidence of cell death. The rapid reprogramming of normal adult epithelial cells to a proliferative state is consistent with their expression of p63, a marker of basal cell phenotype (see Supplemental Figure  S3 at http://ajp.amjpathol.org).
To determine the contributions of feeder cells and Y-27632 to the exuberant growth of nonkeratinocyte CRCs, we assayed the growth kinetics of human mammary and prostate cells under different culture conditions ( Figure 1B ). Both cell types proliferated continuously in F medium containing feeder cells and Y-27632. The growth of the prostate cells was particularly rapid, with the culture reaching 120 population doublings in Ͻ120 days. As shown, continuous cultures could not be initiated with either breast or prostate cells using F medium and feeder cells without Y-27632. In addition, breast and prostate cells grown in commercial medium designed for these cells (mammary epithelial growth medium and PrEGM, respectively; Lonza) became senescent at early times, either in the presence or absence of the ROCK inhibitor. Finally, cells cultured in F medium alone (containing neither feeders nor Y-27632) immediately ceased proliferation and underwent rapid terminal differentiation, due in part to the serum and higher calcium levels present in the F medium. Thus, both feeder cells and Y-27632 were necessary for the highly efficient, long-term establishment of cell cultures from primary tissue. Despite the initial requirement for feeders and Y-27632, late-passage mammary and prostate CRCs continued to proliferate (at least for limited doublings) when transferred to Matrigel (in keratincytes growth medium) in the absence of these two components. In Matrigel, they formed well-defined prostaspheres and mammospheres (Figure 2A) . The mammospheres were characterized by a well-defined cell/Matrigel interface and showed polarized synthesis of laminin that surrounded each colony (Figure 2A ). In addition, the mammospheres expressed ␤-catenin in the cytoplasm and adjacent to plasma membranes (Figure 2A) , typical for normal epithelial cells. Lumen formation was observed in both prostaspheres and mammospheres and is best illustrated in cells stained with ␤-catenin. In contrast, mammary cells that were transformed by a Myc mutant (T58A) 22 formed solid masses of disorganized colonies with extensions into the Matrigel, a characteristic of transformed or tumorigenic cells (Figure 2A ). Corresponding to this morphological alteration, laminin deposition by the cells was not polarized to the cell/Matrigel interface, but was dispersed in the sphere (Figure 2A) . Similarly, mammary cells that were immortalized by hTERT (but not transformed as defined by growth in agarose) formed aberrant Matrigel colonies consisting of solid masses (Figure 2A ) with generalized, nonpolarized accumulation of laminin (Figure 2A ).
Telomerase plays a critical role in primary cell immortalization, and our initial studies indicated that feeder cells induced pronounced telomerase activity and hTERT expression in keratinocytes. 21, 29 To determine whether hTERT induction was also observed in nonkeratinocytes, we quantified hTERT mRNA in prostate cells in medium with and without feeders and Y-27632 (Figure 2 , B and C). Prostate cells grown in F medium with feeders or feeders plus Y-27632 exhibited a 20-fold increase in hTERT expression compared with cells grown in synthetic PrEGM medium ( Figure 2B ). Mammary cells also exhibited a similar induction of hTERT expression levels when propagated on feeder cells ( Figure 2C ). We next examined whether the late-passage CRCs from normal tissues retained a diploid karyotype. The results for prostate cells (at population doubling 93) are shown in Figure  2D and verify that their chromosomes are structurally and numerically normal, with a 46,XY karyotype. The breast cells were also normal by karyotype analysis (46,XX; X.L., B.R.H, R.S., unpublished data). To verify that our immortalized CRC cultures were not contaminated with another cell line during prolonged passaging, we performed DNA fingerprinting analysis at nine STR loci and at the Y-specific Amelogenin locus (Cell ID System; Promega). The data in Figure 2E demonstrate that the prostate cell cultures, when analyzed at early and late passages, are identical at all 10 loci, thus confirming their identity.
The ability to generate matched normal and cancer cells from patients provides a renewable source for comparative genetic and biochemical analysis, as well as drug screening. As an example, we obtained matched biopsy specimens of normal and malignant prostate tissue from the same patient and processed them as described. By day 3 after plating, epithelial colonies had already formed, expanded, and compressed adjacent feeder cells (Figure 3) . The growth rate and morphological characteristics of the normal and tumor cells were similar. However, the normal and tumor cells differed in the expression of several markers. In tumors cells, the androgen receptor and prostate stem cell antigen were increased, whereas the NK3 homeobox 1 prostate tumor suppressor protein was decreased (see Supplemental Figure S4 at http://ajp.amjpathol.org). The normal and tumor cells also displayed biological differences in threedimensional Matrigel cultures (Figure 3) . The normal prostate cells formed prostaspheres, as previously shown in Figure 2A , whereas the tumor cells formed large undifferentiated aggregates, similar to those observed for breast cells transformed by Myc. The normal and tumor cells could also be distinguished by xenograft assays. When the normal and tumor prostate cells were suspended in Matrigel and injected s.c. into mice with severe combined immunodeficiency, tumors formed rapidly (in 8 weeks) only in mice receiving the cells derived from prostate cancer (Figure 3) . Finally, there were also karyotype differences between these two cell cultures. The karyotype of the prostate tumor cells exhibited instability of chromosome 13 (X.L., R.S., unpublished data), in contrast to the normal karyotype of the matched normal prostate cells. STR fingerprinting analysis verified that these two prostate cell cultures were, indeed, derived from the same patient (X.L., R.S., unpublished data).
We have also established CRC cultures from as few as two to four viable cells (Figure 4) , suggesting potential applications to the study of circulating tumor cells. Perhaps more important, we generated cell cultures from human tissues frozen in cryopreservative medium, a finding that will affect the practice of pathology and biobanking (see Supplemental Figure S5 at http://ajp.amjpathol.org).
Discussion
In contrast to current methods for culturing primary epithelial cells or for inducing pluripotent stem cells (iPS cells), establishing CRC cultures with feeders and Y-27632 is rapid and efficient. For example, we have generated 1 ϫ 10 6 to 2 ϫ 10 6 normal prostate cells from a single mouse prostate in 6 days (see Supplemental Figure S1 at http://ajp.amjpathol.org) and 2 ϫ 10 6 breast carcinoma cells from a core biopsy specimen of a rat breast cancer in 5 days (see Supplemental Figure S2 at http://ajp.amjpathol.org). We have also demonstrated that cultured cells derived from breast tumors of transgenic human epidermal growth factor receptor 2/neu mice (Friend's leukemia virus B strain) induced tumors when injected into mammary fat pads of the same strain (data not shown). The ability to generate matched normal and cancer cells from patients is a fundamental breakthrough in cell culture technology. This system allows, for the first time to our knowledge, the direct comparison of the molecular and genetic profile of the normal and transformed epithelium, enabling patient-specific ex vivo pathobiological analysis. In addition, the ability to culture metastatic lesions will enable identification of the cellular changes that occur and potentially contribute to invasion and metastasis. We first observed the dramatic reprogramming of adult epithelial cells to a proliferative state with keratinocytes. 21 Even epithelial cells that were entering a senescence phase were immediately converted to a proliferative state when transferred to F medium containing feeder cells and Y-27632. These findings demonstrate that the combination of feeder cells and Y-27632 is directly altering cell growth, rather than selecting for a small subpopulation of stem-like cells. 24,25,36 -40 The mechanism for this reprogramming is unclear, although there are insightful parallels with the process of cell immortalization induced by the human papillomaviruses ( Figure 5 ). The high-risk human papillomaviruses encode two oncoproteins, E6 and E7, that are required for the efficient immortalization of primary cells. One of the most critical roles for the E6 protein in cell immortalization is the induction of hTERT. 4, 41, 42 We have demonstrated that the predominant factor for hTERT induction in CRCs is growth in F medium with feeder cells and that Y-27632 has a minimal contribution to this induction. The mechanism by which telomerase is induced by the F medium plus feeder cells is under investigation.
The second component of human papillomavirus-mediated cell immortalization is the function of the E7 protein. In addition to its role in inactivating the Rb pathway, E7 has recently remodeled the actin cytoskeleton 43 and inactivated Rho. 44 Alterations of actin/myosin activity are the main consequence of ROCK inhibition, 45, 46 and this cytoskeletal network has a primary role in regulating cell proliferation. [45] [46] [47] [48] It is also possible that Y-27632 is perturbing the p16 pathway, although our previous studies 21 indicate that p16 expression is maintained under our culture conditions. Overall, we believe that the combination of F medium containing feeder cells and Y-27632 supplies two distinct functions that promote unrestricted cell proliferation: (1) induction of telomerase and (2) cytoskeletal remodeling and/or interference with the p16/Rb pathway. In Figure 5 , we have listed several cellular genes that fall into these two designated pathways. The genes and proteins in the first class (red box) have induced telomerase activity, whereas the genes and the ROCK inhibitor that compose the second class (blue box) modulate both p16/Rb and/or perturb the cellular cytoskeleton. The interconnecting lines indicate functional pairs of cellular and/or viral genes and inhibitors known to collaborate in cellular immortalization. 4,6,7,9,21,22,41,43,49 -54 In conclusion, a critical finding in this study is that the combination of feeder cells and ROCK inhibitor induces continued cell proliferation without the use of exogenous viral or cellular gene transduction. It is significant that this reprogramming of cell growth and differentiation is conditional, thereby allowing facile in vitro manipulation of cell behavior. In addition, we have also observed that CRCs immortalized by the feeder/ROCK system display a more normal cellular phenotype than cells immortalized by hTERT. Mammary CRCs, in contrast to hTERT-immortalized cells, form mammospheres in Matrigel that exhibit a well-defined cell-stroma interface and polarized localization of laminin. The ability to rapidly generate CRCs from both normal and tumor (or disease) tissue offers an exciting opportunity to integrate live cell biology into the practice of pathology. In addition, the efficiency and robust nature of establishing CRCs should greatly expand the value of biobanking and provide an inexhaustible supply of patient-specific cells for comparative genetic and molecular analysis.
